Abstract. Advances in chemotherapy have failed to improve the long-term survival rate of small cell lung cancer (SCLC) patients due to multidrug resistance (MDR). The mechanisms of MDR are complex involving multiple genes and a variety of mechanisms. MicroRNAs (miRNAs) are non-coding RNAs theoretically involved in gene regulation. The aim of the present study was to explore the role of miRNAs in SCLC occurrence and multidrug resistance. Expression levels of known miRNAs in SCLC cell line H446 and its multidrugresistant cell line H446/CDDP were analyzed using the next generation high through-put Illumina Solexa sequencing technology, and expression of a group of specific miRNAs was validated by quantitative polymerase chain reaction (qPCR). Furthermore, novel miRNAs and their putative target genes in the two SCLC cell lines were predicted with the help of software developed by Beijing Genomics Institute and analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The results revealed a set of known miRNAs with altered expression in the H446 and H446/CDDP cells which may be associated with multidrug resistance of SCLC. Biological information analysis of the novel miRNAs and their putative target genes further elucidated the role of miRNAs in MDR. In addition, the pathway prediction by KEGG analysis may provide clues for further research on MDR of SCLC.
Introduction
Lung cancer is clinically classified into two major histological types: non-small cell lung cancer (NSCLC), which accounts for more than 80% of all lung cancer cases; and small cell lung cancer (SCLC), which accounts for 13-15% (1). Although SCLC incidence is relatively lower, its poor prognosis is a cause for concern. The standard treatment for SCLC has not dramatically changed during the past 30 years, and platinumbased chemotherapy (2, 3) , hyper-fractionated thoracic radiation (4) , and prophylactic cranial irradiation (5, 6) are still used therapeutically. However, multidrug resistance (MDR) following chemotherapy increases the relapse ratio and mortality. The median survival time is only 6-8 months and the 5-year survival rate is <15% (7) . In the absence of any meaningful advances in chemotherapy or programs to improve the survival rates, MDR has become a major clinical obstacle in the treatment of SCLC (8) , warranting investigation into the mechanisms underlying MDR.
Previous studies suggest complex MDR mechanisms involving multiple genes and a variety of mechanisms at the tissue, cell and molecular levels (8) (9) (10) . As transcription regulating factors, microRNAs (miRNAs) have become the 'hot topic' in gene regulation (11, 12) . miRNAs, evolved from an RNA polymerase 2 transcript (pri-miRNA) with a strong secondary structure (stem-loop), are classified into diverse small RNA families. The miRNAs are 21-24 nucleotides (nt) in length, single-stranded and non-coding (13) . The miRNAs may theoretically target any mRNA, and therefore, participate in a very broad functional spectrum including the cell cycle, cell growth, apoptosis, cell differentiation and stress response (14) . It is no surprise that miRNAs are involved in human cancer development and tumor metastasis. However, only a few studies are available discussing the role of miRNAs in the multidrug resistance of SCLC.
The aim of the present study was to elucidate the role of miRNAs in SCLC. Using the next generation high throughput Solexa-Illumina sequencing technology, we determined the varied expression of known miRNAs as well as discovered novel miRNAs. Furthermore, the possible biological significance of putative target genes of novel miRNAs in H446 and H446/CDDP cells was determined using Gene Ontology (GO)
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analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The findings should help understand the role of miRNAs in MDR of SCLC and provide ideas for future research.
Materials and methods
Cell lines and culture. The SCLC cell line H446 and its multidrug-resistant cell line H446/CDDP were kindly gifted by Dr Guisheng Qian (Institute of Human Respiratory Disease, xinqiao Hospital, The Third Military Medical University, China). More importantly, the H446 cell line was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA), and the H446/CDDP cell line was derived from H446 cells. These cells were maintained in RPMI-1640 medium with 10% fetal calf serum (Gibco-BRL, Grand Island, NY, USA) in a humidified atmosphere containing 5% CO 2 at 37˚C. In order to maintain the MDR phenotype, cisplatin (at a final concentration of 0.5 µg/ml) was added to the culture medium for the H446/CDDP cells.
Validation of drug resistance. Sensitivity of the H446 and H446/CDDP cells to cisplatin was evaluated by a microculture tetrazolium (MTT) assay. Briefly, the cells were seeded in 96-well plates at a density of 1x10 4 cell/well. The cells were treated with 5 µg/ml cisplatin for 24, 48 or 72 h, respectively. The supernatant was discarded, and 20 µl MTT (5 mg/ml, dissolved in PBS and filtered through a 0.22-mm membrane) was added into each well, followed by incubation for 4 h at 37˚C. Finally, absorbance values were determined at 492 nm on an automated Bio-Rad 550 microtiter plate reader.
Total RNA extraction. Total RNA from H446 and H446/CDDP cell lines was extracted using TRIzol reagent (Invitrogen, USA) according to the manufacturer's protocol. Total RNA samples were subjected to an RNA quality control process for Solexa sequencing.
Data cleaning and length distribution. Different small RNAs vary in length. For example, miRNAs are normally 21 or 22 nt, siRNAs are 24 nt, and piRNAs are 30 nt. Therefore, length distribution analysis was helpful to determine the composition of small RNA samples. In the present study, clean reads were obtained from raw reads after eliminating contaminant reads, including low quality reads, reads with 5' primer contaminants, reads without 3' primer, reads without the insert tag, reads with poly A and reads shorter than 18 nt. The length distribution of these clean reads was summarized using software developed by BGI (formerly known as Beijing Genomics Institute).
Small RNA annotation. Small RNA tags from the two libraries were aligned to associated repeat RNAs and annotated with rRNA, scRNA, snoRNA, snRNA, tRNA exon and intron alignment in order to eliminate matched tags. Furthermore, the small RNA tags were also annotated with sequences from Rfam and matched tags were also discarded. Above all, in order to map each unique sRNA to only one annotation, the following priority rule was strictly followed: rRNA (in which Genbank > Rfam) > known miRNA > repeat > exon > intron.
In addition, the total rRNA represented the quality of samples, usually <40% in animal samples of high quality.
Expression analysis of known miRNAs. The two small RNA libraries were aligned to the miRNAs in miRBase 21 in order to obtain the miRNA data in H446 and H446/CDDP cell lines. The expression of miRNAs in the two libraries was normalized to obtain the expression of transcript per million (TPM), using the normalization formula: Normalized expression = Actual miRNA count/total count of clean reads x 1,000,000. Subsequently, fold-change and p-value of the normalized expression were calculated. Finally, the scatter plot and fold-change table were generated to reveal the differential expression of known miRNAs in the H446 and H446/CDDP cells.
Validation of known miRNA expression in the H446 and H446/CDDP cell lines. The differential expression of miRNAs in the H446 and H446/CDDP cells was validated by qPCR. Briefly, total RNA was extracted from the H446 and H446/ CDDP cells in the logarithmic phase with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA quality was monitored using agarose electrophoresis and miRNA levels were expressed as the ratio to U6 level in the same RNA sample. PCR primers are listed in Table I . Amplification and detection of chosen miRNAs were carried out using iQ™ SYBR Green Supermix reagent and iQ™ 5'-uccuguacugagcugccccgag-3' hsa-miR-323b-3p
5'-cccaauacacggucgaccucuu-3' hsa-miR-485-3p
5'-gucauacacggcucuccucucu-3' hsa-miR-876-5p
5'-uggauuucuuugugaaucacca-3' hsa-miR-379-5p
Single-Color Real-Time PCR detection system (both from Bio-Rad, USA).
Novel miRNA prediction. The characteristic hairpin structure of the miRNA precursor was used in the present study to predict novel miRNAs with the help of software, Mireap (http://sourceforge.net/projects/mireap/), developed by BGI. Novel miRNAs were predicted by exploring the secondary structure, the Dicer cleavage site and the minimum free energy of the non-annotated small RNA tags.
Target gene prediction of the novel miRNAs. Target genes of novel miRNAs released by Mireap were also predicted according to previous suggestions (15, 16) : i) no more than 4 mismatches between sRNA and target (G-U bases count as 0.5 mismatches); ii) no more than 2 adjacent mismatches in the miRNA/target duplex; iii) no adjacent mismatches in positions 2-12 of the miRNA/target duplex (5' of miRNA); iv) no mismatches in positions 10-11 of miRNA/target duplex; v) no more than 2.5 mismatches in positions 1-12 of the miRNA/target duplex (5' of miRNA); and vi) minimum free energy (MFE) of the miRNA/target duplex at least 75% of the MFE as the miRNA bound to its complement. The prediction process was carried out using software developed by BGI.
Functional analysis of predicted target genes. GO analysis is a popular standardized classification system for gene function, which provides a set of controlled vocabulary to comprehensively describe genes and gene products. The GO results revealed molecular function, cellular components and biological processes of novel miRNAs by mapping target genes to GO terms in the database (http://www.geneontology. org/), calculating gene numbers for each term, and determining significantly enriched GO terms in target gene candidates. Pathway analysis facilitates the understanding of biological functions of genes. KEGG (http://www.genome. ad.jp/kegg/pathway.html) is a major public pathway-related database (17, 18) . KEGG pathway analysis identifies significantly enriched metabolic pathways or signal transduction pathways in target gene candidates compared with the whole reference gene background. Therefore, in the present study, KEGG pathway analysis was adopted to analyze the function of putative target genes.
Statistical analysis. Sensitivity of H446 and H446/CDDP cells to cisplatin was determined by MTT test and the differences among groups were compared by one-way classification ANOVA; the differential expression of known miRNAs in H446 and H446/CDDP cells was compared by t-test. Fold-change and p-value of normalized known miRNA expression were determined using software developed by BGI. GO analysis was accomplished with a hyper-geometric test to unravel significantly enriched GO terms in target gene candidates, and the formula is not shown in the manuscript.
Results
Evaluation of cisplatin sensitivity. The sensitivity of H446 and H446/CDDP cells to cisplatin was evaluated to develop the basis for Solexa-Illumina sequencing. The MTT test results ( Fig. 1 ) revealed a differential survival rate in the H446 and H446/CDDP cells challenged by cisplatin at each time-point (P<0.01). Furthermore, the survival rate in both the H446 and H446/CDDP cells decreased with prolonged stimulation, and the difference in survival rate was statistically significant.
Length distribution of small RNAs in the SCLC cell lines.
Differential sensitivity to cisplatin indicated that H446/CDDP cells were tolerant to cisplatin. We, therefore, explored whether the drug resistance was related to miRNA expression. In order to identify miRNAs in the H446 and H446/CDDP cell lines, two small RNA libraries from the two cell lines were constructed and sequenced independently. The sequencing results (Table II) exhibited 7,703,264 and 9,151,947 raw reads from the H446 and H446/CDDP cells, respectively. The raw reads were filtered according to several criteria. After removing low quality reads, 3' adaptor sequence, 5' adaptor contaminants and reads smaller than 18 nt, 7,346,780 and 8,618,043 clean reads for the H446 and H446/CDDP cells were obtained, and the length distribution was analyzed to characterize the small RNAs in SCLC. As shown in Fig. 2 , the majority of reads, 79.86% for H446 ( Fig. 2A ) and 80.58% for H446/CDDP (Fig. 2B) , were in the range of 21 to 24 nt in length, with 22 nt being the most abundant group of small RNAs. Read number and unique read number were the highest in this range, which indicated the abundance of these regulatory RNAs in SCLC. The 22 nt length was predominant, consistent with previous reports involving different species (19) . We also found the second highest diversity of 23-nt small RNAs compared with the total read number in the H446/CDDP cells (Fig. 2B) . Similar small RNA length distribution was discovered in the H446 cells with a limited significance for 23-nt small RNAs ( Fig. 2A) .
Annotation of small RNAs. In order to explore the components of the two libraries, small RNAs from the H446 and H446/CDDP cells were annotated. Pie charts (Fig. 3) revealed the percentage of each type of small RNA, and the numbers in the figure labels in parentheses indicate the different types of small RNAs expressed. As shown in Fig. 3A and B, most small RNAs from both H446 and H446/CDDP cells were characterized as miRNAs. The rRNA proportion in the two libraries was <40%, which indicated that the quality of our samples was adequate for Solexa-Illumina sequencing. Furthermore, we also observed a relatively smaller percentage of miRNAs expressed in the H446 and H446/CDDP cells, respectively ( Fig. 3C and D) . Therefore, small RNA annotation together with length distribution, exhibited the complexity and diversity of the small RNAs in SCLC, and provide clues for further analysis of miRNAs in the two cell lines. Several types of small RNAs that could be annotated were discarded, such as rRNAS, tRNAs, snRNAs, snoRNAs, known miRNAs, exon intron and non-annotated sRNAs. Finally putative small RNA populations including 7,096,132 H446 cells and 8,157,598 H446/CDDP cells were obtained (Table II) .
Differentially expressed known miRNAs in H446 and H446/CDDP cells. Putative small RNA populations from the two cell lines were aligned to the precursor/mature miRNAs in miRBase 21 and known miRNA data in H446 and H446/CDDP cells were collected. The analysis revealed more than 400 miRNAs, which were differentially expressed in the H446 and H446-CDDP cells (Fig. 4) . More importantly, there were 72 de-regulated and 55 upregulated miRNAs in the H446/CDDP cells; the difference was statistically significant (P<0.01) compared with that of the H446 cells. We also identified the most markedly changed 10 miRNAs from the H446 and H446/CDDP cells (Tables III and IV) . The counts of different miRNAs in the H446 cells changed from 1 (hsa-miR-3131, hsa-miR-3124-5p, hsa-miR-4647, hsa-miR-216b, hsa-miR-769-3p and hsa-miR-4750) to 2,368,107 (hsa-let-7a-5p). The expression changes of known miRNAs in the H446/CDDP cells ranged from 1 (hsa-miR-3148, hsa-miR-671-3p, hsa-miR-495, hsa-miR-2682-5p, hsa-miR-433, hsa-miR-493-5p, hsa-miR-584-5p and hsa-miR-494) to 2,278,377 (hsa-let-7a-5p) suggesting drastic variation in the expression of miRNAs in SCLC. Fig. 5 , expression of 15 miRNAs was significantly different including five miRNAs (miR-485-3p, miR-2277-5p, miR-3911, miR-204-3p and miR-204-5p) elevated >5-fold in the H446/ CDDP cells. Markedly, the miR-204-3p expression was elevated 16 times and miR-204-5p was increased >300-fold. By contrast, the expression of 6 miRNAs (miR-127-3p, miR-137, miR-382-5p, miR-3911, miR-409-3p, miR-432-5p, miR-485-3p, miR-486-5p and miR-494) in the H446/CDDP cells was decreased >5-fold. In addition, the miR-127-3p expression was decreased ~50 times. Above all, the expression trends of the selected miRNAs in the H446 and H446/CDDP were similar to the Solexa sequencing results.
Prediction of novel miRNAs in the H446 and H446/CDDP cells.
The stem-loop hairpin secondary structure is an important feature, which can be utilized to distinguish miRNAs from each other. Furthermore, Solexa sequencing enables identification of novel transcripts. Therefore, our next objective was to predict novel miRNAs in the H446 and H446/ CDDP cell lines by investigating the stem-loop hairpin structure using the Solexa sequencing method. We introduced 21 to 25 novel miRNAs into the H446 and H446/CDDP cells (Tables V and VI) , and found the read number of the novel miRNAs was much lower than that of the known miRNAs, indicating that novel miRNAs were usually expressed at lower levels.
Target prediction of novel miRNAs. Target genes were predicted according to the aforementioned rules and principles discussed above. The results indicated the presence of 130,566 candidate target genes for 21 novel miRNAs in the H446 cell line and 153,092 putative target genes for the 25 novel miRNAs from the H446/CDDP cell line. We also annotated the biological processes, molecular functions and cellular components of the target genes using GO analysis (20, 21) . GO analysis revealed that in the cellular component category (Table VII) , most target genes in the H446 cell line were localized in insoluble cell fraction, intracellular areas and dendrites (P<0.05), while target genes in the H446/CDDP cells were only restricted to the membrane (P<0.05). In the category of molecular function, the majority of targets in the H446 cells were significantly involved (P<0.05) (Table VIII) Table VIII) . The target genes in the H446 cell line participated in more biological processes (statistically significant processes are listed in Table IX ) than those of putative target genes in the H446/CDDP cells (all listed in Table Ix ).
Pathway annotation of target genes. We were also interested in the signaling pathways of the target genes. KEGG analysis was adopted to determine the biological pathway of the novel miRNAs from the H446 and H446/CDDP cell lines. Results revealed that target genes of miRNAs from the H446 cell line participated in greater number of biological pathways than those of miRNAs from the H446/CDDP cells. A few pathways were shared by target genes of novel miRNAs from both the cell lines (Table x) . The target genes of novel miRNAs from the H446 cells mediate a few pathways closely related to cancer, such as the ErbB signaling pathway, mTOR signaling pathway and Notch signaling pathway in chronic myeloid leukemia colorectal cancer, melanoma, pancreatic cancer, prostate cancer and thyroid cancer as well as non-small cell lung cancer. However, only the Wnt signaling pathway was closely related to cancer in the pathway list of target genes mediated by miRNAs from the H446/CDDP cells (Table x) .
Discussion
Small RNAs (sRNAs) from the next generation high throughput Solexa sequencing cover almost every type of sRNAs, including miRNAs, siRNAs, piRNAs, rRNAs, tRNAs, snRNAs, snoRNAs, repeat associated sRNAs and degraded tags of exons or introns. The sRNAs were annotated into different categories by comparing the collected tags with those in databases. In the present study, digitalized sRNAs were obtained and initially subjected to data cleaning including elimination of low-quality tags and other contaminants. The length distribution was summarized to explore the possible composition of sRNA libraries from the H446 and H446/CDDP cells. Subsequently, standard bioinformatic analysis was carried out to annotate the clean tags into different categories in order to identify known miRNAs and predict novel miRNAs expressed in the H446 and H446/CDDP cell lines. On the one hand, the expression level of known miRNAs in the two cell lines was summarized and compared to identify the varied expression of the miRNAs. On the other hand, biological information (Fig. 4) , respectively. These datasets showed that downregulation of miRNAs was more common than upregulation in MDR cells of SCLC, which was consistent with previously published miRNA profiling studies involving bladder tumor tissues (22, 23) . Validation of the differentially expressed miRNAs, in the present study by real-time PCR, yielded results consistent with those obtained with Solexa sequencing. Our previous studies demonstrated that miRNA-137 was downregulated in H446/CDDP cells, which participated in the MDR of this cell line (24) . Bier et al (25) demonstrated that decreased expression of miRNA-137 enhanced the stem-cell features of glioblastoma cells. Furthermore, deregulated miRNA-494 was related to the oncogenesis of pancreatic ductal adenocarcinoma and decreased miRNA-494 was considered as a therapeutic or prognostic marker for this cancer (26) , which was also consistent with our results. Furthermore, a few miRNAs discussed in our study were similarly deregulated in other cancers: absence of miR-329 enhanced proliferation of cancer cells in neuroblastoma and glioma (27, 28) ; renal childhood neoplasm was associated with de-regulated miR-215 (29) and its upregulation may inhibit the growth of osteosarcoma and colon cancer cells (30) . Indeed, the varied expression of miRNAs provided reliable data to establish the role of miRNAs in the MDR mechanisms of SCLC.
After analyzing the expression of known miRNAs and exploring their possible relationship to MDR, we explored novel miRNAs in the H446 and H446/CDDP cells, which may also be associated with MDR. As described above, clean reads of digitalized sRNAs were annotated into different categories, such as rRNAS, tRNAs, snRNAs, snoRNAs, known miRNAs, exons/introns and unannotated sRNAs. Novel miRNAs were predicted from tags that were not annotated to any category. We discovered 21 and 25 novel miRNAs in the H446 and H446/CDDP cells, respectively. Although the expression of a majority of the novel miRNAs from both H446 and H446/CDDP cell lines was low, target genes of the novel miRNAs exhibited differences in distribution and pathophysiology.
Putative target genes of novel miRNAs from the H446 and H446/CDDP cells were analyzed by GO analysis (31) . The results showed that a majority of novel miRNA target genes in the H446 cells were involved in regulation of a broad range of metabolic and physiological processes including metabolism of macromolecules, biopolymer modification, developmental processes, intracellular signaling cascades, anatomical structure, protein modification, tissue development, and regulation of gene expression. Compared with targets of novel miRNAs in the H446/CDDP cells, novel miRNA targets in the H446 cells participated in a greater number of processes, most of which were related to transcription. A few novel miRNAs in the H446 cells were predicted to be involved in programmed cell death, cell differentiation, cell proliferation and cell adhesion. Those transcription factors were known to be targeted by conserved miRNAs and play a major role in various aspects of cancer cell growth and tumor metastasis (32, 33) . By contrast, target genes of novel miRNAs in the H446/CDDP cells were not involved in these regulation processes. Thus, in addition to the different expression levels of known miRNAs, the limited functional role of novel miRNAs in the H446/CDDP cells also highlights their MDR characteristics. Further studies are essential to explain the functional significance of the novel miRNAs and their targets in MDR of SCLC. Based on the knowledge of putative target genes in regards to distribution range, pathophysiologic process and function type, we further analyzed possible pathways mediated by the novel miRNAs. The KEGG pathway analysis was adopted to identify significantly enriched metabolic pathways and signal transduction pathways. The results indicated that target genes of novel miRNAs from both the H446 and H446/CDDP cells participated in hundreds of pathways, but most target genes were limited to significantly enriched in metabolic pathways. Novel miRNAs from the H446/CDDP cells concentrated in fewer pathways than that of the H446 cells, and most of those pathways were shared with target genes of novel miRNAs from the H446 cells. Among the shared pathways, endocytosis, MAPK signaling pathway, metabolic pathways, pathways in cancer and purine metabolism pathways are believed to be associated with cancer metastasis (34, 35) , especially pathways in cancer. According to a map of pathways in cancer (which was not shown) most of the molecules were partially regulated by predicted genes, and most of them were involved in classic signal transduction pathways regulating the occurrence and metastasis of cancers (36) (37) (38) (39) (40) . A few pathways were modulated only by target genes of novel miRNAs from H446 cells, such as the ErbB signaling pathway, mTOR signaling pathway, Notch signaling pathway, and pathways mediating acute myeloid leukemia, chronic myeloid leukemia, colorectal cancer, melanoma, non-small cell lung cancer, pancreatic cancer and prostate cancer. Interestingly, all those pathways were not mediated by target genes of novel miRNAs from the H446/CDDP cells. We believe that the differential regulation of the pathways may be associated with MDR of H446/CDDP cells. On the other hand, a few pathways were regulated only by target genes of novel miRNAs from the H446/CDDP cells, including neurotrophin signaling pathway, NOD-like receptor signaling pathway, Wnt signaling pathway and natural killer cell-mediated cytotoxicity. However, only the Wnt signaling pathway has been associated with carcinogenesis (41, 42) . In brief, KEGG analysis revealed pathways mediated by target genes of novel miRNAs from H446 and H446/CDDP cells, and the differential regulation of cancer-related pathways may be associated with MDR mechanisms in SCLC.
We analyzed the differential expression of known miRNAs in H446 and H446/CDDP cells and discovered a set of miRNAs with markedly altered expression in H446/CDDP cells. Furthermore, we predicted novel miRNAs in the two cell lines and analyzed their biological roles. The altered expression of known miRNAs and different functions of novel miRNAs may be related to MDR of SCLC. 
